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We report high pressure Raman experiments of Black phosphorus (BP) up to 24 GPa. The line
widths of first order Raman modes A1g, B2g and A
2
g of the orthorhombic phase show a minimum
at 1.1 GPa. Our first-principles density functional analysis reveals that this is associated with
the anomalies in electron-phonon coupling at the semiconductor to topological insulator transition
through inversion of valence and conduction bands marking a change from trivial to nontrivial
electronic topology. The frequencies of B2g and A
2
g modes become anomalous in the rhombohedral
phase at 7.4 GPa, and new modes appearing in the rhombohedral phase show anomalous softening
with pressure. This is shown to originate from unusual structural evolution of black phosphorous
with pressure, based on first-principles theoretical analysis.
PACS numbers: 78.30.-j, 71.30.+h, 71.15.Mb
I. INTRODUCTION
The Black phosphorus (BP) is the most stable form
among the many allotropic modifications of phosphorus
at room temperature and ambient pressure. It is an
elemental semiconductor with direct band gap of ∼0.3
eV. Recently there is revival of interest in BP from the
prospective of a layered material which allows us to study
the exciting properties of a mono and few layers of BP1–8.
It is found that the band gap depends on the thickness
of its film: 0.3eV for thickness > 4nm and 1.2 eV for
single layer thick BP9. This moderate band gap bridges
the gap between the semi-metallic graphene10,11 and rel-
atively large band gap of transition metal dichalcogenide
(1.5-2.5eV)12–14 and makes it ideal for infrared optoelec-
tronic application. Another interesting feature of BP is
its anisotropic atomic structure. At ambient pressure,
BP packs into orthorhombic lattice with a puckered hon-
eycomb structure as shown in Fig. 1. Each phosphorus
atom is bonded with two in-plane and one out of plane
neighboring atoms. The puckered layers are bound to-
gether by weak van der Waals interactions. Due to this
anisotropic atomic structure, the effective masses of car-
riers in BP along arm chair (ac) are lightest and that
along the layer stacking (z) are lighter than that along
the zigzag (zz)15. Recent upsurge of interest in layered
BP has arisen due to this unique puckered 2D honey-
comb lattice in each phosphorus layer, giving anisotropic
electronic8, optical4,8 and vibrational properties4.
Further, the direct band gap (∼ 0.3eV ) of BP arises
from the out-of-plane pz-like orbitals of phosphorus and
hence can be strongly modulated by pressure or c-axis
strain. Not surprisingly, the effect of pressure was studied
on crystal structure and electronic properties in the early
work16–22. It has anisotropic compressibility: lattice pa-
rameters a and c decrease more in comparison with the
lattice parameter b with increasing pressure. At room
temperature, the ambient pressure orthorhombic struc-
ture transforms to the rhombohedral structure at Pc2
∼4.7 GPa and then to the simple cubic structure (sc) at
Pc3 ∼ 11 GPa
22. These transition pressures are slightly
higher if sample is cooled to liquid helium temperature
first and then pressure is increased. The sc phase trans-
forms to a simple hexagonal (sh) phase at higher pressure
137 GPa via an intermediate phase23. Recently, Aka-
hama et. al24 investigated the crystal structure of black
phosphorus up to 280 GPa at room temperature using x-
ray-diffraction experiment and found that sh phase goes
to the bcc structure at 262 GPa. The sc phase exhibits
superconductivity at 4.7 K25,26. The superconducting
temperature is slightly pressure dependent and increases
with increasing pressure. The superconducting state re-
mains for several hours even if the pressure is removed.
BP shows superconductivity with high transition tem-
perature (10K) when it is cooled to 4K first and then
pressure is applied. These experiments clearly establish
that high pressure can be used to tune the material char-
acteristic of BP significantly.
The electrical conductivity of black P is also very sen-
sitive to pressure27–29. Two anomalies have been re-
ported at 1.7 and 4.2 GPa, the latter coinciding with the
structural phase transition from orthorhombic to rhom-
bohedral structure. The earlier work30 reported that the
band gap decreased linearly with a pressure coefficient
of ∼ 0.17 eV/ GPa, closing at Pc1 ∼ 1.5 GPa. Recent
magneto-resistance studies31 have termed this transition
as electronic topological transition (ETT) from semicon-
ductor to 3D Dirac semi-metal due to band crossover near
the Z-point in the Brillouin zone with linear dispersion.
Interestingly, a colossal magneto-resistance of ∼ 80, 000
is seen at 2GPa at a field of 9T, similar to 2D Weyl semi-
metals like WTe2, making BP as an elemental semi-metal
with increased electronic structure.
Pressure and strain have been used to change the rela-
2tive strength of spin-orbit coupling and induce electronic
topological transition (ETT) in materials like Sb2Se3
32,
b-As2Te3
33, BiTeI34. Recently, Gong et al.30 theoreti-
cally reported a pressure-induced Lifshitz transition at a
pressure of 1.2 GPa where black phosphorus undergoes
a semiconductor to three-dimensional Dirac semimetal
transition. By using first-principles density functional
theoretical calculations within GGA and mBJ exchange-
correlation functional, Gong et al.30 showed that the
band inversion occurs at the Z point at 1.2 GPa and
robust three-dimensional Dirac points appear away from
the Z point. Recently a theoretical study by Manjanath
et. al35 reported a reversible semiconductor to metal
transition in bilayer phosphorene by applying normal
compressive strain. In another work, Xiang et al.31,36 re-
ported colossal positive magneto-resistance in black phos-
phorus for P ≥ 1.2 GPa and observed a non-trivial π
Berry phase from the Shubnikov-de Haas oscillation mea-
surement. These observed changes in black phosphorus
at pressure of 1.2 GPa were attributed to an electronic
Lifshitz transition31.
The role of lattice in pressure-induced electronic topo-
logical transition has been evident in softening of an
acoustic phonon mode at 1.54 GPa in an earlier inelastic
neutron scattering experiment37, where anomalous com-
pressibility and softening of longitudinal ultrasonic wave
propagating along c-axis hint the relevance of electron-
phonon interaction to pressure induced transitions. High
pressure Raman spectroscopy, a sensitive probe of lattice
distortion under pressure, has been used in BP up to 13
GPa pressure, displaying changes in the pressure coeffi-
cients of Raman frequencies of a few modes as well as
appearance of new modes at the structural transitions
at Pc2 ∼ 4.7 GPa and Pc3 ∼ 10.5 GPa
22. Recently,
Sasaki et al.38 reported high pressure Raman study on
few layers phosphorene and compared the results with
bulk BP. It was found that monolayer and bilayer phos-
phorene show different behavior from the bulk sample.
We revisit the high pressure Raman studies in this work
with two objectives: (i) to see the Raman signature of
electronic topological transition at Pc1 and (ii) to under-
stand the phonon signatures using first-principles density
functional theory (DFT). Our main results are (i) The
linewidths of the first order Raman modes go through
minimum at the ETT near Pc1 ∼ 1.1 GPa; (ii) Pressure
dependence of phonon frequencies and appearance of new
modes confirm the two structural transitions at Pc2 ∼ 4.6
GPa and Pc3 ∼ 11 GPa; (iii) The first order modes B2g
and A2g show anomalous softening in the rhombohedral
phase; (iv) All the three Raman modes of the orthorhom-
bic structure vanish above ∼ 11 GPa in the sc phase; (v)
The new modes appearing in the rhombohedral phase
show anomalous decrease in frequency with increasing
pressure up to 24 GPa; (vi) Using first-principles analy-
sis we show that the transition at the lowest pressure is an
electronic topological transition to a phase with a strong
Z2 topology, while the anomalies at higher pressure have
a structural origin. (vii) The new modes labeled N1, N2
and N3 observed in the rhombohedral phase have been
quantitatively analyzed theoretically for the first time,
capturing their anomalous softening. The modes N1, N2
and N3 have been assigned to E1g , A1g and E
2
g modes
respectively. The modes N1 and N2 in the sc phase are
assigned as X and M point acoustic modes, respectively.
II. EXPERIMENTAL DETAILS
Raman measurements were carried out at room tem-
perature in back scattering configuration with micro-
optical system equipped with Horiba 800 spectrome-
ter, Peltier-cooled charge controlled detector and 532
nm diode laser. Pressure was generated using a dia-
mond anvil cell (DAC) using 4:1 methanol: ethanol pres-
sure transmitting medium. A thin platelet of dimension
∼ 100µm cleaved from single crystals of BP, (from M/S
Smart Elements) was placed into a stainless steel gasket
with sample chamber hole of ∼ 200µm inserted between
the diamonds along with a ruby chip for pressure cali-
bration. Laser power (< 5mW ) was kept low enough to
avoid damage to the sample.
III. COMPUTATIONAL DETAILS
Our first-principles calculations are based on density
functional theory (DFT) as implemented in the Quan-
tum ESPRESSO package39, with the interaction be-
tween ionic core and valence electrons modeled with
norm-conserving pseudopotentials40,41. The exchange-
correlation energy of electrons is treated within a gener-
alized gradient approximation (GGA) with a functional
form parameterized by Perdew, Burke and Ernzerhof42.
We use an energy cutoff of 55 Ry to truncate the plane
wave basis used in representing Kohn-Sham wave func-
tions, and energy cutoff of 220 Ry for the basis set to
represent charge density. Structures are relaxed to mini-
mize energy till the magnitude of Hellman-Feynman force
on each atom is less than 0.03 eV/A˚. We include van der
Waals (vdW) interaction with the parametrization given
in Grimme scheme43. In self-consistent Kohn-Sham (KS)
calculations of configurations of bulk black phosphorous
with orthorhombic and rhombohedral unit cell, the Bril-
louin zone (BZ) integrations were sampled with a uniform
mesh of 18x16x16 and 16x16x16 k-points respectively,
and 32x32x32 mesh of k-points was used in calculation
of electron-phonon coupling of both the structural forms.
Phonon spectra and dynamical matrices at Γ-point (q=
(0, 0, 0)) as a function of lattice constant (or pressure)
were determined using density functional linear response
as implemented in Quantum ESPRESSO(QE)39, which
employs the Green’s function method to avoid explicit
calculations of unoccupied Khon-Sham states. Since
DFT typically underestimates the electronic bandgap, we
have used HSE functional44 to estimate the gaps accu-
rately, with the mixing parameter of 0.25 and reciprocal
3space integration sampled on a 4x4x4 mesh of k-points.
We have fully relaxed the orthorhombic structure of BP
with HSE calculations maintaining the experimental c/a
ratio. We find that the error in resulting cell volume
(relative to experiments) is negligibly zero (Fig. 2 (a)).
Fitting a quadratic function to energy vs. volume curve,
we used - dE
dV
to estimate pressures within HSE calcula-
tions. We determine electronic bandgap at Z-point as
a function of volume, and used the point of minimum
bandgap to estimate the transition pressure within HSE
calculations (Fig. 2 (b)).
Z2 topological invariants can be defined using the no-
tion of time reversal polarization45,46 derived in terms
of hybrid Wannier charge centers (WCCs)47. In a time-
reversal invariant system, electronic bands always come
in time-reversed pairs (let’s say I & II denote such pairs).
Then the Z2 invariant in a time-reversal invariant plane
is given by45,
(
∑
n
[x¯In(T/2)− x¯
II
n (T/2)]−
∑
n
[x¯In(0)− x¯
II
n (0)]) mod 2,
(1)
where x¯n =
i
2pi
∫ pi
−pi
dk < unk|
∂
∂k
|unk > is the Wannier
charge center calculated at t=0 and t=T/2 planes which
are invariant under time reversal symmetry, where T rep-
resents the period of a full cyclic adiabatic evolution. In
the Brillouin zone of a periodic crystal T is equivalent to
a reciprocal lattice vector which defines the periodicity in
the reciprocal space. The topological invariant of a plane
is non-zero if the WCCs switch pairs under an adiabatic
evolution in the half-cycle, which can be easily tracked
by seeing evolution of the mid-point of the largest gap (as
marked by blur rhombus in Fig. 9) between two adjacent
WCCs with t ∈ [0, T/2] in the half-cycle45. In this case,
the rhombuses exhibits abrupt jumps in their half-cyclic
evolution and cross odd number of WCCs45. We have
calculated the strong topological index (ν0) by taking
the sum (modulo 2) of the topological invariants calcu-
lated at kz=0 and kz=0.5 planes in the Brillouin zone
of black phosphorous using Z2Pack code48. At each of
these planes, WCC, calculated along kx direction, evolve
along the ky direction (parameterized with time, t).
IV. RESULTS AND DISCUSSION
A. Experimental Results
The unit cell of BP contains 4 atoms which gives 12
normal modes. According to factor group analysis, at
ambient pressure the Brillouin zone center point phonon
modes are 2Ag+B1g+B2g+2B3g+Au+2B1u+2B2u+B3u:
out of which 2Ag, B1g, B2g and 2B3g are Raman ac-
tive. Experimentally three Raman modes A1g, B2g and
A2g were observed at 360, 438 and 460 cm
−1 respectively
as shown in lower panel of Fig. 3. The other two previ-
ously reported22 Raman modes B1g (192 cm
−1) and B13g
(227 cm−1) are very weak and difficult to separate from
the background. The phosphorus atoms vibrate along
the out of plane (z) for the A1g (360 cm
−1) mode, along
armchair (y) for the B2g (438 cm
−1) mode and zig zag
(x) directions for the A2g (460 cm
−1) mode. Fig. 3 shows
the pressure evolution of the Raman spectra of BP at a
few representative pressures. The Lorentzian line shapes
are used to fit the Raman spectra at different pressures
to obtain phonon frequencies and full width at half max-
imum (FWHM). From Fig. 3, it can be seen that the
intensities of A1g, B2g and A
2
g Raman modes of the or-
thorhombic structure decrease gradually with pressure
and disappear completely at 11 GPa. Further, two new
Raman modes labelled as N1 and N2 at 240 and 300
cm−1 respectively, emerged at 4.6 GPa and remain till
24 GPa. Another new mode labelled as N3 at 370 cm−1
arises at 7.4 GPa and diminishes at 15.9 GPa. To shed
more light on the evolution of modes N1, N2 and N3 with
pressure, we examine the frequencies and area of N1, N2
and N3 peaks as a function of pressure (see Fig. 4). It is
clear that the intensity of N1 mode increases slowly with
increasing pressure till 10 GPa, and rapidly beyond 10
GPa. The intensity of N2 and N3 modes increases with
pressure till 13 GPa, and decreases beyond that. The
phonon frequencies of N1, N2 and N3 modes soften with
pressure.
Fig. 5 shows the pressure dependence of phonon fre-
quencies. The solid blue lines are the linear fit to the ex-
perimental data points. The vertical dashed red lines in-
dicate two structural phase transitions from orthorhom-
bic to rhombohedral and from rhombohedral to simple
cubic phase. Fig. 5 shows that the frequencies of A1g, B2g
and A2g modes show increase with pressure in orthorhom-
bic phase. The slope for the A1g (S=dω/dP) is more as
compared to that for the B2g and A
2
g modes. Noting that
the eigen vectors of the A1g mode are perpendicular to the
puckered layers, larger pressure derivative of frequency
(S) signifies that van der Waals bond can be greatly com-
pressed. Fig. 5 also shows that all the three modes of the
orthorhombic phase (A1g, B2g and A
2
g) persist even be-
yond 4.6 GPa. This can be due to two possibilities (i)
that the orthorhombic to rhombohedral transformation
is completed only at ∼ 11 GPa; (ii) the Raman active
modes of the rhombohedral phase are at the frequencies
close to the values in the orthorhombic phase. The latter
possibility is ruled out as the frequencies of Raman modes
in rhombohedral phase (to be discussed latter) are not
close to the above three modes. In rhombohedral phase
at 7.4 GPa, A2g and B2g modes soften anomalously (the
effect is more for B2g mode). Further Fig. 5 shows that
the Raman modes N1, N2 and N3 show anomalous soft-
ening with pressure in rhombohedral as well as in simple
cubic phase. It is clear from Fig. 5 that the slope S for
the N3 mode is more than N1 and N2 modes. Fig. 6(a)
shows the effect of pressure on FWHM of the Raman
modes. The range from 0 to 4 GPa has been magnified
in Fig. 6(b). The solid blue lines are the linear fit. It
4(a)
(b)
FIG. 1. Side (a) and top (b) views of the layered structure of
bulk black phosphorous. d1 and d2 are the P-P bonds lengths.
d1 is the distance between two P atoms in a plane while d2 is
the nearest neighbor distance. α1 is the bond angle between
two d1’s and the bond angle between d1 and d2 is α2.
is clear from Fig. 6(b) that the FWHM of all the three
Raman modes show a minimum at 1.1 GPa which co-
incide with the ETT transition pressure. Another thing
to note is that the line width of N1, N2 and N3 modes
are very large. We don’t fully understand the origin of
the large linewidths of these modes in the rhombohedral
phase. One possible origin could be the high disorder in
the rhombohedral phase. We now present our theoreti-
cal calculations to understand the anomalies in phonon
spectra with pressure observed in the experiments.
B. Theoretical calculations
1. Low Pressure Transition
BP is a semiconductor with a gap of 0.40 eV at Z-
point (0.0, 0.0, 0.5) as estimated with HSE functional
(Fig. 7(a)), which is in good agreement with the experi-
ment (Eg = 0.35 eV). We note that there is no band gap
in the structure at 0 GPa calculated with GGA functional
based theory (Fig. 7(b)). Raman experiments ( Fig. 6(b))
showed non-monotonic dependence of FWHM of A1g, B2g
and A2g modes on pressure, displaying a minimum at 1.1
GPa. Since the anomalous change in FWHM can be
an indicator of electronic topological transition (ETT)32,
and given the experimental observations of Xiang et al.31
and theoretical study of Gong et al.30, we first studied
electronic structure of black phosphorus as a function of
hydrostatic pressure using highly accurate HSE calcula-
tions. Our calculations show that the band inversion oc-
curs at Z point at Pc1 ∼ 1.2 GPa (Fig. 8) following which
the band gap opens up above Pc1 ≥ 1.2 GPa (Fig. 7(c)),
which is in contrast to the earlier DFT study (within
GGA and mBJ functional) where persistence of robust
band crossing is reported after band inversion30. In an
electronic topological transition the bandgap decreases
with increasing pressure, closes at Pc and then increases
(opens up) with further increase in pressure32. We have
plotted the bandgap of BP at Z-point (the point at which
band inversion occurs) in the vicinity of critical pressure,
which clearly shows bandgap reduces and then increases
as a function of volume (Fig 2(b)) i.e., the bandgap ex-
hibits a minimum value at Pc1 and then increases. This
is associated with closure of bandgap at a k-point near
Z-point. To probe this, we have used Wannier functions
to interpolate and plot HSE band structure. Oscillat-
ing behavior in the bandgap along Z-M and Z-Γ is due
to errors in interpolation of bands with Wannier func-
tions near the gap closure point, where band energies
are non-analytic functions of k. We find that the HSE
bandgap minimum is at volume lower than of the equilib-
rium structure. Hence ETT occurs at positive pressure
(Pc1 ∼ 1.2 GPa), which is comparable with the pressure
of anomalies seen in experiments. Based on the HSE cal-
culations, our estimate of the transition pressure is Pc1
∼ 1.2 GPa, in reasonable agreement with theoretically
predicted transition pressure (0.6 GPa) by Ruixiang et.
al49, and also close to the pressure of observed Raman
anomalies (Pc1 ∼1.1 GPa).
Although earlier studies30,31 reported pressure induced
electronic topological transition (Lifshitz transition) in
black phosphorus following band inversion near P = 1.2
GPa, the nature of electronic topology has not been
clearly elucidated. To investigate the electronic topol-
ogy of black phosphorus, we determined the Z2 topo-
logical invariant (ν0) as a function of pressure (Fig. 9).
The evolution of hybrid Wannier charge centers (WCCs)
along ky-direction is marked by circle while their largest
gap function is marked by blue rhombus for kz =0 plane
and kz=0.5 plane. It is clear from Fig. 9 (a),(b) that for
P < 1.2 GPa both kz = 0 and kz=0.5 planes are topo-
logically trivial as Z2 invariants for both the planes are
zero, and hence strong topological index ν0=0. However,
at P >1.2 GPa (Fig. 9 (c),(d)), Z2 invariant for kz =
0 plane is 1, as evident from the discontinuous jump of
the gap function along ky, whereas Z2 invariant is zero
for kz=0.5 plane, and hence the strong topological index
ν0 of the state at this pressure is 1. Thus we find that
ν0 = 0 for P < 1.2 GPa, whereas ν0 = 1 for P ≥ 1.2 GPa
signifying Z2 topological insulating nature of black phos-
phorus above 1.2 GPa. Thus, the minimum in FWHM
of Raman active modes at (Pc1) is correlated with the
pressure induced electronic topological phase transition.
The observation of non-trivial π Berry phase and colos-
sal magneto-resistance for P > 1.2 GPa in experiment31
are also consistent with our finding that the BP be-
comes topologically non-trivial for P > 1.2 GPa. The
discrepancy between our calculated transition pressure
(1.2 GPa) and previously reported ones49 (0.6 GPa) falls
within the typical errors of DFT calculations.
Calculations of phonon frequencies and electron-
phonon coupling are not straight-forward with the HSE
functionals because (i) DFT-LR (DFT linear response)
implementation with HSE functional is not available
presently and (ii) frozen phonon method with fine mesh
5FIG. 2. Change in energy (a) and bandgap at Z-point of Brillouin zone (b) with volume obtained from calculations with GGA
and HSE functionals. Red and blue dashed lines mark the equilibrium structure of BP in orthorhombic phase. Note that
green dashed line highlights the volume at which bandgap of HSE-relaxed structure exhibits a minimum, making the electronic
topological transition.
of k-points make HSE calculation very computationally
intensive. Thus we have used GGA functional in un-
derstanding the observed phonon anomalies. We correct
the pressures estimated in GGA calculations with a shift
of 2.7 GPa, to match the transition pressure estimated
with HSE calculations in the orthorhombic phase. Our
optimized structural parameters of orthorhombic struc-
ture, a, b, c, d1, d2, α1 and α2 are 4.42A˚, 3.32A˚, 10.46A˚,
2.224 A˚, 2.244 A˚, 96.34◦ and 102.09◦ respectively, in good
agreement with the experimental50 and earlier reported
theoretical51 values. Here d1 is the bond length of in-
plane P atoms, d2 defines the distance out-of-plane P
atoms; α2 and α1 are the bond angles between d1 and
d2, and the two d1 bonds respectively (see Fig. 1(b)).
Our calculated frequencies of A2g, B2g and A
1
g modes us-
ing GGA functionals are 453 cm−1, 424 cm−1 and 354
cm−1, which agree well with the observed frequencies
(460 cm−1, 438 cm−1 and 360 cm−1) of these modes.
We now examine the minimum in the FWHM (at Pc1)
which is related to the electron phonon coupling constant
λ. The dependence of λ of the three Raman modes on
pressure shows a dip at -1.5 GPa. We have gone to neg-
ative pressure because GGA calculations show semicon-
ductor to semi-metal transition at Pc1 = -1.5 GPa. The
discrepancy in Pc1 using GGA functionals as compared
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FIG. 4. Pressure dependence of phonon frequencies and area
of N1, N2 and N3 modes.
to experiment (Pc1 = 1.1 GPa) and HSE functionals (Pc1
= 1.2 GPa) points to the inadequacy of the GGA func-
tionals in estimation of bandgap and predicting the tran-
sition pressure. The corrected transition pressure will be
Pc1
corrected=-1.5+2.7=1.2 GPa as indicated in Fig. 7(d).
This correction is used in the pressure axis in plotting
Fig. 6 (c). Further, with increasing pressure, the gap
closes in the vicinity of Z-point at Pcorrected = 1.7 GPa
(Fig. 7(d)). Fig. 6 (c) reveals that the λ does show a
shallow minimum at Pc1
corrected =1.2 GPa for the A1g
and A2g modes. clearly establishing the link between a
dip in λ and FWHM with the ETT. We did not see any
anomaly in the λ of B2g mode with pressure.
The linewidth of a phonon mode of a crystal exhibit-
ing a strong electron-phonon interaction is largely de-
termined by electron-phonon coupling (EPC). The rela-
tion between the EPC (λqν ) and FWHM (γqν)
52,53 of a
phonon ν at wavevector q is given by the following ex-
pression,
λqν =
γqν
π~N(ǫF )ωqν2
, (2)
where N(ǫF ) is the density of electronic states at Fermi
level. From Eq. (2), it is clear that λ and FWHM are
proportional to each other. Since the density of states
and electronic bands involved in the matrix elements γqν
change upon band inversion at the ETT, there is thus
a causal relationship with anomaly in FWHM. Hence,
we see a minimum in FWHM and λ of a mode at the
transition pressure. The anomalous change in observed
FWHM may not in general indicate an electronic topo-
logical transition (ETT). In the present context, how-
ever, a careful analysis of calculated electronic structure
of black phosphorous reveals a band inversion across the
transition pressure (∼ 1.2 GPa), indicating the occur-
rence of an ETT. Our calculations of Z2 invariant across
Pc1 ∼ 1.2 GPa confirm this topological transition from
trivial semiconductor to topological semimetallic state.
ETT is accompanied by the Lifshitz transition, the elec-
tronic structure changes and the charge density of P
atoms redistributes, leading to the anomaly of Raman
spectra.
2. Anomalies at High Pressure Transitions: Structural
Origin
We now address the pressure dependence of phonon
frequencies of A1g, A
2
g and B2g modes of the orthorhom-
bic phase. The calculated frequencies of the orthorhom-
bic phase as a function of pressure (Fig. 10) clearly dis-
play that the frequencies of A1g and A
2
g modes harden
up to ∼ 5 GPa. Interestingly, the frequency of B2g
and A2g modes show softening at high pressure; resem-
bling with the anomalous pressure dependence of the B2g
and A2g modes seen in the experiments between 7 and 9
GPa (Fig. 5). To correlate the softening of the B2g and
A2g modes with structural modifications, we examine the
pressure dependence of the internal parameters d1, d2,
α1 and α2 (see Fig. 1 for description).
Atomic vibrations of the A1g mode (Fig. 10) involve
stretching of the d2 bond. From the variation in d2
bond with pressure (Fig. 11(a)), we find that d2 decreases
monotonically with pressure and the ∆d2 is ∼ 0.04 A˚ up
to 14.7 GPa. As a result, A1g hardens with pressure.
The atomic vibrations of the B2g mode ( Fig. 10) af-
fects bond angle α2, which decreases with increasing pres-
sure (Fig. 11(b)), similar to the frequency of B2g mode.
Atomic displacements of the A2g mode (Fig. 10) involve
stretching of the d1 bond. Fig. 11(a) shows that d1 de-
creases with pressure upto 6 GPa, and starts increasing
from 7-11 GPa, and subsequently decreases with pres-
sure upto 14.7 GPa. In this case, the change in d1 with
pressure is much smaller than that in d2, which is also
reflected in softening of B2g and A
2
g modes. As a result of
variation of d1 with pressure, the A
2
g mode softens with
pressure and this softening is less than the softening of
the B2g mode. The pressure axes of Fig. 10 and Fig. 11
are corrected with a shift of +2.7 GPa as described in
the previous section. Our theoretical calculations reveal
that black phosphorous is quite a soft material, with its
cell volume at 14.7 GPa being 24% smaller than that at
0 GPa. This large change in volume with pressure is re-
sponsible for significant softening of B2g and A
2
g modes.
For such large changes in volume, we expect anharmonic
effects to be strong, which are not included in our anal-
ysis. This is probably responsible for some discrepancy
between theory and experiments. We find that the ob-
served softening of A2g mode (Fig. 10) is not indefinite:
A2g mode harden with further increase in pressure beyond
15 GPa, consistent with our experiments.
Orthorhombic phase is a low pressure phase of black
phosphorous which is stable only at P < 5 GPa. We pre-
sented results of our calculations on orthorhombic phase
at P > 5 GPa because experiments are indicative of the
presence of mixed phases at higher pressure, as evidenced
in the survival of A1g, B2g and A
2
g modes at high pres-
sures along with the modes N1 (Eg), N2 (A1g) and N3
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FIG. 5. Pressure dependence of phonon frequencies. The vertical dashed lines indicate the two structural phase transition
pressures. The solid blue lines are the linear fit. The slope dω/dP in units of cm−1 /GPa is given near the lines.
(Eg) of the rhombohedral phase (refer Fig. 5). As the
calculations here are on pure and not on mixed phases
(orthorhombic and rhombohedral phases together as seen
in experiment), interpretation of experimental and theo-
retical results should be done with care.
The space group of BP in rhombohedral structure (also
known as A7 phase after 4.6 GPa) is R3¯m with primitive
cell containing 2 atoms. Group theory gives zone center
optical modes as A1g+Eg+A2u+Eu, where A1g and Eg
are the Raman active modes and A2u and Eu are infrared
active modes. We used hexagonal unit cell with 6 atoms
(i.e. a supercell) to perform phonon calculations for A7
phase. Some of the zone boundary points of BZ of rhom-
bohedral structure (i.e. the primitive cell) fold onto the
Γ-point of BZ of the hexagonal unit cell, and enable the
analysis of Raman active modes and their symmetries.
The frequencies of the Raman active modes E2g , A1g and
E1g modes are 367 cm
−1, 336 cm−1 and 242 cm−1 respec-
tively at 4 GPa. Calculated frequencies of these modes
are in good agreement with experimental values (e.g. at 6
GPa, ω (N1) = 237cm−1 (Exp. 237cm−1), ω (N2) = 311
cm−1 (Exp. 307 cm−1)). We identify the experimentally
observed N3 mode as E2g , N2 mode as A1g mode and N1
mode as E1g . Symmetry assignment of N2 and N1 modes
is consistent with previous report22. All the three modes
N1, N2 and N3 soften with pressure, in agreement with
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FIG. 6. (a) Pressure evolution of FWHM of Raman modes. The vertical dashed lines indicate the two structural phase transition
pressures. (b) Magnified plot FWHM in the pressure range 0 to 4 GPa. The vertical dashed line indicates the semiconductor
to topological insulator phase transition pressures. The solid blue lines are linear fit. The slope dω/dP in units of cm−1 /GPa
is given near the lines. (c) Variation in the calculated electron-phonon coupling of Raman active modes A1g, B2g and A
2
g of BP
with pressure in orthorhombic phase calculated using GGA functional. The pressure axis has been corrected as explained in
the text. The vertical dashed line indicates the semiconductor to topological insulator phase transition pressures.
the observed trends in our experiment (see Fig. 12 and
Fig. 5). From first-principles calculations, we find that
the A7-phase (hexagonal structure) is stable at pressures
from 4 GPa to 12 GPa and, as unstable modes appear in
phonon dispersion beyond this pressure. The N1 and N2
modes also persist at pressures till 24 GPa (sc phase). It
is likely that the A7-phase exists beyond 11 GPa. There
are no Raman active modes in the sc phase with one atom
per unit cell. Another possibility is that the modes N1
and N2 are the disorder activated zone boundary acous-
tic phonons of the sc phase. To examine this possibility,
we carried out calculations of the zone boundary acoustic
phonons of the sc phase. Our calculations indeed show
acoustic modes at X point (283 cm−1) and M point (340
cm−1), which exhibit the pressure dependence similar to
that of N1 and N2 modes i.e both of them soften with
pressure (Fig. 12). Thus, we have assigned N1 and N2
modes in the sc phase to these zone boundary acoustic
modes.
V. CONCLUSION
High pressure Raman study of BP up to 24 GPa is
reported using diamond anvil cell under hydrostatic con-
ditions. The line width of all the three Raman modes A1g,
B2g and A
2
g of the orthorhombic phase decrease with pres-
sure up to 1.1 GPa and then increase, thus showing a min-
imum at ∼ 1.1 GPa corresponding to the transition pres-
sure of ETT. Using first-principles calculations, we find
that the low pressure phase transition in BP is a semicon-
ductor to topological insulator transition. Our calcula-
tions of the Z2 invariant confirm the change in electronic
topology marking a transition from band to topological
insulating state. The Raman shift of these modes show
normal hardening with pressure in orthorhombic phase.
B2g and A
2
g modes show anomalous softening in rhombo-
hedral phase at 7.4 GPa while A1g mode exhibits normal
hardening. These modes disappear completely at 11 GPa
in the sc phase. The new modes N1, N2 and N3 arising
in rhombohedral phase also show anomalous softening of
the frequency with pressure. We uncover the origin of
these anomalous softening of Raman modes in the varia-
tion of internal structural parameters with pressure, and
identify the symmetry of the new modes appearing upon
pressure in experiments.
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FIG. 7. Electronic structure of BP in orthorhombic phase. (a) Electronic structure of BP at P = 0 GPa calculated with HSE
functionals. Note that we used Wannier functions54 to plot band structure with HSE functionals. (b) Comparison of electronic
structure near the gap obtained with HSE and PBE functionals at P = 0 GPa. BP exhibits a gap of 0.33 eV at Z-point,
which is captured correctly with HSE functionals whereas PBE calculations gives no gap. (c) Electronic structure near the
gap obtained with HSE functionals at different pressures. (d) Electronic structure of BP calculated with PBE-GGA functional
at different pressures. The pressures have been corrected as explained in the text. At Pcorrected = 0.7 GPa, calculations with
PBE functionals show a gap which closes at Pcorrected=1.2 GPa. With further increase in pressure, bandgap closes in vicinity
of Z-point at Pcorrected = 1.7 GPa.
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FIG. 8. Band inversion during pressure induced electronic
topological transition (ETT) in BP. Isosurfaces of charge den-
sities associated with electronic states at valance band max-
imum (VBM) and conduction band minimum (CBM) at Γ-
point (a) before and (b) after the ETT revealing band inver-
sion across this transition.
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FIG. 9. Calculation of Z2 topological index (ν0) before (P
<1.2 GPa) and after (P >1.2 GPa) the phase transition.
Evolution of hybrid Wannier charge centers (WCCs) along
ky-direction (marked by circle) and their largest gap function
(blue rhombus) for (a) kz =0 plane and (b) kz=0.5 plane. It
is clear that both kz = 0 and kz=0.5 planes are topologically
trivial as Z2 invariants for both the planes are zero, hence
strong topological index ν0=0. At P >1.2 GPa, Z2 invariant
for kz = 0 plane is 1, as evident from the discontinuous jump
(indicated by red dotted line) of the gap function along ky
(c), whereas Z2 invariant is zero for kz=0.5 plane (d), hence
the strong topological index ν0 at this pressure is 1.
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FIG. 10. Change in the calculated frequencies of Raman ac-
tive modes (a) A1g, (b) B2g and (c) A
2
g modes of BP in or-
thorhombic phase with pressure. Insets of (a), (b) and (c)
show atomic displacements in these Raman active modes. The
pressure axis has been corrected as explained in the text.
FIG. 11. Evolution of bond lengths (a) and bond angles (b) of
BP in orthorhombic phase with pressure. The pressure axis
has been corrected as explained in the text.
FIG. 12. Changes in the calculated frequencies of Raman
active modes of BP, (a) E2g (N3), (b)A1g (N2) and (c) E
1
g (N1)
modes in rhombohedral phase (right panel shows their atomic
displacements) with pressure, (d) N2 and (e) N1 modes with
pressure of BP in cubic phase. Note that N1, N2 and N3
are the modes observed in experiments. N2 and N1 modes as
shown in figure (d) and (e) correspond to the acoustic modes
at X and M-points in the Brillouin Zone of the simple cubic
phase.
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